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We investigate the binding site of solvated electrons in amorphous D2O clusters and D2O wetting
layers adsorbed on Cu(111) by means of two-photon photoelectron (2PPE) spectroscopy. On the
basis of different interactions of bulk- or surface-bound solvated electrons with rare gas atoms,
titration experiments using Xe overlayers reveal the location of the electron solvation sites. In the
case of flat clusters with a height of 2–4 bilayers adsorbed on Cu(111), solvated electrons are
found to reside at the ice–vacuum interface, whereas a bulk character is found for solvated
electrons in wetting layers. Furthermore, time-resolved experiments are performed to determine
the origin of the transition between these different solvation sites with increasing D2O coverage.
We employ an empirical model calculation to analyse the rate of electron transfer back to the
substrate and the energetic stabilization of the solvated electrons, which allows further insight into
the binding site for clusters. We find that the solvated electrons reside at the edges of the clusters.
Therefore, we attribute the transition from surface- to bulk-solvation to the coalescence of the
clusters to a closed ice film occurring at a nominal coverage of 2–3 BL, while the distance of the
binding sites to the metal–ice interface is maintained.
1. Introduction
The hydrated electron is an excess electron in water that is
stabilized in a cavity of surrounding molecules. Since its
discovery1 it has attracted interest in many fields of condensed
matter research, as its properties are of great importance in
numerous biological, chemical, and physical processes.2–4
Although the interaction of excess electrons with surrounding
water molecules has been investigated extensively in the case of
water cluster anions,5–9 the binding site of the excess charge in
such finite systems is still the subject of a long-standing
controversy. Theory predicts a transition from surface-bound
electrons to an internal binding site with increasing cluster
size, i.e. increasing number of molecules n, but this transition
has not yet been observed experimentally for the predicted
cluster sizes. While photoelectron spectroscopy experiments
found solvated electrons which were attributed to bulk-bound
electrons for clusters5,10 down to n = 11, theory11 predicts
internally bound electrons for clusters with n Z 64. The
experimental observation of this transition is also hindered
as the photoelectron spectra of water anion clusters depend
critically on the preparation conditions. For different backing
pressures Verlet et al. observed up to three different isomers,12
and it is a priori unclear which isomer corresponds to the
respective surface and internal states. Early theoretical studies
by Barnett et al. investigated the temporal evolution of
electron solvation in large (n = 500) water and ammonia
clusters showing a weakly bound surface state right after
attachment of the electron leading to the formation of an
internal solvation state.13 Although experiment12 and theory14
recently accessed larger clusters with n up to 200, no quanti-
tative agreement has been achieved so far. The use of rare gas
environments in spectroscopic studies of water anion clusters
has been suggested to investigate the actual excess electron
binding site.7,15
Another approach to address fundamental questions of
electron solvation dynamics in polar environments is based
on surface science techniques.16,17 Thereby various ice struc-
tures can be grown on a single crystal substrate and the
properties of photoexcited excess electrons can be studied in
a controlled way. For example, by adjusting the temperature
of the substrate, amorphous ice structures are grown on a
metal surface and information about their morphology can be
achieved by means of low-temperature scanning tunnelling
microscopy (LT-STM). The dynamics of photoinjected elec-
trons is directly monitored by femtosecond time- and angle-
resolved two-photon photoelectron spectroscopy. The transi-
ent binding energy of the electrons and additionally its degree
of localization can thus be probed without interference with
the photohole, which is completely screened by the electrons of
the metal substrate. Actually, the respective electron solvation
dynamics have been studied for a variety of different polar
molecular layers (e.g. D2O, NH3, alcohols, nitriles) adsorbed
on various substrates.18–21 These electrons typically reside for
picoseconds in the amorphous adlayer due to the screening of
their charge from the metal states by the polar environment
through molecular rearrangement. However, for directionally-
bound water molecules on TiO2, the more rigid bounding
inhibits such a screening leading to lifetimes of only a few
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femtoseconds.22 Solvated electrons have a high capability to
induce chemical reactions with coadsorbed molecules such as
chlorofluorocarbons (CFC).3,4,23,24 For instance, Lu and Ma-
dey found an enhanced electron-induced dissociation of CFC
when coadsorbed with water; the authors attribute this effect
to a reaction of the CFC with solvated electrons.3 The
efficiency of such reactions can be enhanced when (i) the
lifetime of the solvated electrons is long or (ii) the electron
density resides at the molecule–vacuum interface.24 Thus,
information on the electrons’ binding site is of fundamental
interest. It can be determined by different approaches. Nor-
dlund et al. measured ultrafast delocalization rates of core
excited electrons in liquid water as well as in crystalline ice
films employing core–hole decay spectroscopy.25 They found
broken or weak hydrogen bonds at the surface of the ice,
providing states for the initial electron localization.
To address the question of the solvation site we coadsorb a
dielectric medium, i.e. xenon atoms, onto the water ice to
influence the electrostatic environment of the excess electrons.
Related experiments have been performed to study the effect
of rare gas films on the ultrafast electron dynamics of image-
potential states on metal surfaces.26–28 As shown for amor-
phous water ice clusters adsorbed on Cu(111), the spectral
signature of the solvated electrons is modified by titration of
surface binding sites with xenon atoms.29
In the framework of the present article we focus on the
electron solvation site in amorphous ice layers and a more
detailed determination of the binding site of surface-solvated
electrons in ice clusters. We extend earlier studies, where we
have shown that excess electrons can be stabilized transiently
in amorphous ice layers adsorbed on metal substrates.20,30 As
these electrons, which are photoinjected into the ice layer, are
stabilized by the formation of a transient solvated elec-
tron–water complex, we refer in the following to these tran-
sient species as solvated electrons for simplicity. Due to the
finite interaction of such solvated electrons with the metal
substrate, they present a short residence time ofB1 ps before
they decay back to the metal.
The studies have been performed on ice clusters and closed
multilayers prepared on a monocrystalline Cu(111) metal
substrate. On other metal substrates like Pt(111) and
Pd(111) such a comparison between clusters and layers is
not possible, as amorphous ice wets the substrate and grows
approximately layer by layer.31 In our experiment, the ability
to distinguish between surface- and bulk-bound electrons is
obtained by adsorbing a xenon adlayer on top of the adsorbed
ice clusters or layers. Under ultrahigh vacuum conditions
accommodation of the xenon atoms inside the water film
can be ruled out.32 The basic principle of the 2PPE with xenon
titration is depicted in Fig. 1. Electrons in the copper substrate
below the Fermi level are excited by an ultraviolet (UV) pump
pulse, with a photon energy hn1, into intermediate bound
states where they can be transferred into the conduction band
of the ice. Then, the electrons localize and solvate in binding
sites where they are probed by a second visible (VIS) probe
pulse hn2. Depending on whether the solvated electrons reside
in the bulk of the ice or at the ice/xenon interface, the Xe
atoms will influence the electronic properties of the electrons,
such as their binding energy or their lifetime. In the case of
bulk solvation, no significant change of the photoelectron
spectra is expected (Fig. 1a). Only the net electric field of the
electron-solvation shell complex could polarize the xenon,
which would yield minor changes in the 2PPE spectrum. If
the electron is located at the surface of the ice layer, the
electron wave function will be modified due to the direct
polarization of the rare gas atoms and, for example, a change
of the binding energy of the solvated electron is expected (DE,
Fig. 1b). We complement the 2PPE-spectroscopy work by
femtosecond time-resolved 2PPE to analyse the ultrafast
electron transfer of solvated electrons in these structures as
it is sensitive to the coupling of the electrons with the metal
substrate. In combination with empirical model calculations,
this allows us to distinguish whether the electrons reside on the
top or at the edges of the ice clusters.
2. Experimental methods and sample
characterization
The experiments were performed in an ultrahigh vacuum
(UHV) chamber with a base pressure below 1010 mbar.
Amorphous ice clusters and wetting ice layers are grown by
expansion of D2O vapour through a 50 mm diameter pinhole
into UHV onto a Cu(111) surface kept at 85 K. D2O was
chosen as it allows for a distinct separation of the desorption
from the D2O ice adlayer from a residual background of H2O
in thermal desorption spectroscopy. Furthermore, by chan-
ging D2O to H2O no isotope effect of the stabilization rate has
been observed in earlier studies.30 Before water adsorption, the
Cu(111) sample is prepared by cycles of Ar+ sputtering and
annealing as described in ref. 33. For coverages Y below 2
bilayers (BL),20 the adsorbed water forms clusters on the
surface. With increasing Y, a transition to wetting layers is
observed by means of low-temperature scanning tunnelling
microscopy (LT-STM) and 2PPE at Y = 2–3 BL as the
Fig. 1 Scheme of the Xe overlayer experiment and 2PPE. Due to the
different interaction of (a) bulk- and (b) surface-bound electrons with
the coadsorbed xenon, which may result in a change in the electron’s
binding energy DE, different solvation sites can be distinguished.
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clusters coalesce.34 Measurements by LT-STM revealed that
the amorphous ice clusters have a height of 2–4 BL.29,35
First, we characterize Xe adsorption onto Cu(111) after
exposure of the surface to a partial pressure of Xe at 30 K. The
thermal desorption spectrum (TDS) of Xe/Cu(111) is depicted
in Fig. 2 (solid curve) and exhibits three peaks. In good
agreement with literature,36 the peak at 82 K is associated
with the desorption of the first monolayer of Xe. Features at
64 K and 62 K are attributed to the second monolayer and
additional multilayers of Xe, respectively. The xenon coverage
is determined from the TDS spectrum by normalization of the
integrated intensity to the high temperature peak, i.e. to one
complete monolayer of xenon adsorbed on the bare Cu(111)
surface. In contrast to these observations we find no mono-
layer desorption peak for Xe/D2O/Cu(111) (Fig. 2, dotted
curve). The Xe adsorbed on the closed ice layer desorbs
exclusively via zero order desorption kinetics, suggesting that
the interaction strength between the Xe atoms and the water
ice is similar to the interatomic interaction within the Xe layer.
For 2PPE spectroscopy, femtosecond laser pulses at 800 nm
are amplified in a commercial Ti:sapphire laser system (Co-
herent RegA 9050), which drives an optical parametrical
amplifier (OPA). The signal output of the OPA serves as a
time-delayed visible (VIS) probe. The signal’s second harmo-
nic serves as an ultraviolet (UV) pump. The pulse duration of
pump and probe pulses is measured by their cross correlation
on the sample. The full width at half maximum (FWHM) of
the cross correlation of pump and probe is typically 60 fs.
Fig. 1 shows the excitation mechanism. Absorption of the
pump pulse excites an electron–hole pair in the metal. Since
the photon energy is below the work function, the electron
populates unoccupied bound electronic levels. The second,
time-delayed probe pulse photoionizes the sample and the
kinetic energy of the photoelectrons is then measured by an
electron time-of-flight spectrometer (TOF) as a function of
time delay. The energy E of intermediate states with respect to
the Fermi level is then calculated by: E  EF = Ekin+ F 
hnvis, where F = Evac  EF is the sample work function.
3. Results and discussion
3.1 Xe overlayer experiment
Fig. 3 shows 2PPE spectra of the Cu(111) substrate covered
with compact amorphous ice clusters before (solid curve) and
after (dotted curve) adsorption of 2 ML of Xe using photon
energies of hnvis = 2.10 eV and hnUV = 4.19 eV. The 2PPE
intensity is plotted as a function of intermediate state energy
with respect to the Fermi level E  EF.
Before adsorption of Xe on top of the ice clusters, the 2PPE
spectrum of D2O/Cu(111) (black curve) is dominated by a
peak around 3.9 eV, which is attributed to the surface state
(SS) and the first image potential state (IPS) of bare Cu(111)
remaining in between the ice clusters.29,34 The overlap of these
two features is due to the photon energies employed here. The
second feature labelled eS at E  EF = 2.8 eV arises from
solvated electrons, i.e. electrons which are localized in pre-
existing traps below the edge of the ice conduction band and
screened by the surrounding polar molecules.20,37
After adsorption of 2 ML of Xe the spectrum is clearly
modified. On the bare Cu(111) surface the signal of the IPS is
pinned to the local work function and exhibits a binding
energy of 0.8 eV with respect to Evac. Upon Xe exposure the
work function of the formerly bare copper patches decreases,
and additionally the binding energy of the IPS is decreased. In
agreement with the literature38 this leads to a shift of the IPS
closer to the Fermi level and results in a more distinct
separation of SS and IPS, as the occupied surface state of
the Cu(111) surface does not change its energy. Furthermore,
we find that the peak maximum of eS shifts by more than 400
meV towards higher energies with respect to EF, as depicted in
Fig. 3c, as a function of Xe coverage. The energetic shift of eS
saturates after adsorption of one monolayer of xenon.
Fig. 2 Thermal desorption spectra of 4 ML xenon on Cu(111) (solid
curve) and 6 ML xenon adsorbed on a D2O layer on Cu(111) (dotted
curve). The spectrum of Xe/Cu(111) shows three peaks at 62 K, 64 K
and 82 K attributed to xenon atoms adsorbed in multilayers, second
monolayer and first monolayer, respectively. In the case of xenon
adsorbed on water, the TDS exhibits only one peak at around 60 K
and is attributed to sublimation from a multilayer.
Fig. 3 (a) 2PPE spectra of compact amorphous ice clusters on
Cu(111) before (solid curve) and after adsorption of 2 ML of Xe
(dotted curve). The peak around 2.8 eV in the spectra (solid curve)
originates from solvated electrons eS, whereas the features at energies
43.3 eV arise from the Cu(111) surface state (SS) and first image
potential state (IPS). After titration with xenon, eS is shifted to higher
energies by B400 meV (e0S). (b) Expanded view of the 2PPE spectra
around eS. A small part of the solvated electron distribution e
00
S is not
affected by the adsorption of Xe. (c) Energy of the solvated electron’s
peak maximum as a function of Xe coverage for compact and porous
ice cluster.
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This significant change in the binding energy of the solvated
electrons can be explained by a direct change of the dielectric
environment of a surface-bound electron. As the rare gas
atoms are inert, no chemical reaction takes place. Thus, the
observed modification in the binding energy of the excess
charge is caused by a perturbation of the potential of the
excess electron. This electrostatic perturbation is attributed to
the polarizability of the xenon atoms and might be accom-
panied by a modification of the spatial confinement of the eS
wave function. Thus, we conclude that in the case of ice
clusters the solvated electrons bind at the ice–vacuum inter-
face. A small fraction of the solvated electron distribution is
not affected by the xenon atoms, as can be seen in Fig. 3b,
where a small peak e00S is observed at the same energetic
position as before Xe adsorption. This feature may be attrib-
uted to solvated electrons, which are not perturbed by the rare
gas atoms because they may reside in the bulk of the cluster.
We also prepared clusters with a lower density of water
molecules (porous amorphous clusters, see ref. 29) to investi-
gate the influence of the cluster morphology on the binding site
of the solvated electrons. We find that the spectral change
upon Xe adsorption depicted in Fig. 3c (grey diamonds) is
comparable with compact amorphous clusters (black sym-
bols). Thus, the density of water molecules in the clusters
and their morphology has no detectable influence regarding
the probed binding site.
With increasing coverage at a nominal coverage of 2–3
BL,34 the clusters laterally merge together forming a closed
ice layer. Adsorption of further layers on top of the wetting ice
layer does not change the binding energy and the stabilization
rate of the solvated electrons, once the layer is formed.34 Fig. 4
depicts the spectra of such a continuous amorphous ice layer
(Y = 4 BL) on Cu(111) before (solid curve) and after (dotted
curve) adsorption of 2 ML of xenon. Here, the pump and
probe energies are 3.76 eV and 1.87 eV, respectively. In the
case of a closed ice layer, image potential and surface state of
the substrate are absent as no bare copper patches are present.
Both spectra are dominated by the peak of the solvated
electrons around E  EF = 2.9 eV. Contrary to spectral
changes upon titration with xenon presented in Fig. 3, the
peak does not shift in the case of the wetting ice layer. The
work function is increased by 90 meV after adsorption of
2 ML xenon as seen in the inset of Fig. 4, where the work
function is depicted as a function of Xe coverage. For xenon
adsorbed on a bare Cu(111) surface (F = 4.4 eV38) the work
function is higher compared to D2O/Cu(111) (F = 4.16 eV).
Therefore F is expected to increase upon adsorption of Xe on
top of D2O/Cu(111). The fact that Xe adsorption has no
influence on the binding energy of the solvated electrons shows
that the solvated electrons are preferentially embedded within
the bulk of closed ice multilayers. The polarizability of the
xenon obviously does not affect the binding energy of the
solvated electrons, which are already screened by the sur-
rounding water molecules. Thus, screening by additional
adsorbed Xe has, essentially, no further influence on the
solvated electrons’ binding energy.
3.2 Time-resolved 2PPE spectroscopy
As we find that the solvated electron resides at the ice–vacuum
interface for clusters and in the bulk of the film for wetting
layers, we anticipate that a transition of the solvated electron’s
binding site occurs with the coalescence of the ice clusters to a
smooth layer. As the cluster height does not change upon
coalescence,29 two scenarios appear reasonable. They are
depicted in a schematic representation in the lower right panel
of Fig. 5. (a) First, the solvated electron could reside at the
maximum distance from the metal surface za at the top of the
ice cluster and finds a more favourable site in the bulk of the
smooth film only after coalescence. Thus the distance of the
electron to the ice metal-interface would change upon
Fig. 4 2PPE spectra of 4 BL compact amorphous ice multilayer on
Cu(111) before (solid curve) and after adsorption of 2 ML Xe (dotted
curve). The peak of the solvated electron distribution does not shift
upon Xe titration. Inset: shift of the work function upon xenon
exposure. The work function increases by 90 meV at the saturation
Xe coverage.
Fig. 5 Illustration of the modified image potential in the case of
scenario (a)—solvation site on top of the cluster—and for scenario
(b)—solvation site at the edge of the cluster (left panel). Right panels
show the artists view of the bulk-bound solvated electrons in wetting
ice layers and the two scenarios discussed for the surface-bound
electrons in the case of ice clusters. For scenario (b) the distance
between electron and metal surface is the same as for solvated
electrons in the ice multilayer.
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coalescence. In the second scenario (b) the solvated electron
resides at the edges of the cluster and upon coalescence it
automatically becomes a bulk state maintaining the distance to
the ice–metal interface zb. As none of the two scenarios can be
excluded a priori, we employ further analysis to answer this
question. The decay of the solvated electron on femtosecond
timescales is sensitive to the electron’s interaction with the
metal substrate and the interaction is strongly z-dependent.21
Therefore, we employed time-resolved 2PPE to investigate the
decay process for the different structures. A conclusion on
scenario (a) or (b) requires an empirical model calculation in
addition: this model separates time-dependent population
decay and energy gain through molecular rearrangement and
has been developed earlier in ref. 39. In order to show which
parameters of this model are sensitive to the environment of
the solvated electrons, i.e. the amount and organisation of
surrounding molecules, we primarily present time-dependent
2PPE data for porous and compact amorphous ice clusters.
Data for ice multilayers have been published before in ref. 39.
Subsequently, these parameters will be discussed with regard
to the binding site determination.
The energetic shift of the solvated electron signal and the
population decay are depicted in Fig. 6 for porous and
compact amorphous ice clusters. Time-dependent 2PPE data
on electron solvation dynamics are routinely analyzed in two
different ways. (i) By following the solvated electron’s peak
maximum as a function of time-delay one can access the
temporal evolution of the mean binding energy gain of the
solvated electron. The interpretation of the observed peak
shifts as a quantitative measure for electron stabilization has
to be treated carefully as the transfer times are dependent on
the energetic position of the electrons. An energy-dependent
transfer time shifts the peak maximum of the solvated electron
distribution towards lower energies.39 The observed peak shift
SS is the sum of the stabilization sS and the additional peak
shift dE resulting from energy-dependent electron transfer.
The upper part of Fig. 6 shows the observed peak shift as a
function of time-delay between pump and probe pulse (right
axis) for compact and porous ice clusters. Linear fits to the
time-dependent shifts of the peak maxima (not shown in the
figure) yield a considerably faster shift of SS
p = 2.0(1) eV
ps1 for the porous clusters compared with the shift of SS
c =
1.3(1) eV ps1 for the compact ones. The solvation process
starts at higher energies with respect to EF for the porous
clusters. A distinct difference is also observed in the popula-
tion dynamics. (ii) These dynamics can be accessed by inte-
grating the 2PPE spectra in a certain energy window including
the whole solvated electron energy distribution and plotting
the cross correlation (XC) intensity as a function of time delay
as shown in the lower part of Fig. 6 (left axis). Fitting a single
exponential decay convoluted with the laser pulse envelope to
the XC curves (not shown) gives a initial decay time of tc =
50(5) fs for the compact clusters compared to the porous
clusters (tp = 36(5) fs). An explanation of the different
dynamics of the solvated electrons on the basis of the above
mentioned empirical model calculation is presented in the
following, leading to a conclusion on the possible scenarios
for surface binding sites.
As shown in ref. 39 the transfer dynamics of solvated
electrons in D2O can be separated into two regimes. At the
beginning of the solvation process, the back transfer is mainly
dominated by the electron’s wave function overlap with un-
occupied states of the metal and is therefore governed by the
substrate’s electronic properties. With ongoing solvation, a
potential barrier develops between electron and metal and
reduces the transfer probability. Now, the tunnelling through
this barrier determines the electron transfer dynamics, which
becomes increasingly independent of the metal substrate’s
properties. Furthermore, the decay time depends on the
energetic position of the solvated electrons, which serves as a
measure for their degree of solvation. We consider an energy-
dependent decay time t(E) to take into account both transfer
regimes. For energies above the potential barrier maximum
Ebarrier, we assume a constant decay time t0, reflecting the
influence of the surface electronic band structure of the metal
substrate, and for E r Ebarrier an exponential energy depen-
dence as expected for tunnelling processes:39
tðEÞ ¼ t0 for EbarrieroE
t0 exp½gðEbarrier  EÞ for Ebarrier  E

The exponential factor g is attributed to the screening effi-
ciency, describing the dynamic response of the water molecules
to the excess charge. The larger this value is, the more the
decay time is enhanced with increasing binding energy. The
solvated electron population changes as a function of time
Fig. 6 Peak shift (top, right axis) and population decay (bottom, left
axis) of solvated electrons as a function of time delay between pump
and probe pulse for porous (open squares) and compact (solid squares)
clusters. The electron dynamics are very well reproduced by the
empirical model calculation (black curves) described in the text.












Here N(t,E) is the population at the energy E and at a given
time t after photoinjection. It is (i) decreased due to the back
transfer to the metal with a rate t1(E) and a successive
stabilization to lower energies E  dE with a constant rate
sS. Simultaneously the number of electrons is (ii) increased due
to electrons stabilizing from higher energies E + dE and
having a back transfer rate t1(E + dE).
As seen in Fig. 6, the time-dependent binding energy and
population decay is very well reproduced by the empirical
model described above for both types of clusters (black
curves). Table 1 presents the parameters resulting from the
model calculation for porous and compact clusters. For
comparison, also the model parameters for wetting multilayers
are given (taken from ref. 39). The initial decay t0, and the
energy difference DE = Ebarrier  E0 between the barrier
maximum and the maximum of the solvated electron distribu-
tion at t= 0 are identical for porous and compact ice clusters.
t0 is a direct measure of the coupling degree of the electron
with the metal substrate right after photoexcitation, and DE
describes the influence of the initial solvent induced screening
before enhanced screening due to further solvation occurs.
This shows that the initial screening is similar for both types of
clusters. Furthermore, the stabilization rate sS is identical in
both cases. The only difference obtained in the cluster para-
meters is the screening efficiency g, as this value is almost
doubled for compact clusters compared to porous clusters.
This result shows that the differences in both population decay
and peak shift for the two types of clusters (Fig. 6) are solely
due to a more efficient screening of the excess charge for
compact clusters. We can conclude that a higher density of
surrounding water molecules, i.e. a higher dipole density,
results in a slower back transfer of the solvated electrons to
the metal. More water dipoles between the electron and the
metal surface are involved in the screening of the excess
charge, resulting in longer lifetimes. If the electron was
localized on top of the clusters, this would mean that this
density effect dominates over the influence of the enhanced
electron–metal distance in the case of porous ice, as they are
up to 1 BL higher than compact clusters.29
Comparison of these parameters to the water multilayer
reveals a better initial screening for the D2O layer. The initial
decay time t0 is almost three times larger, representing a
weaker initial electronic coupling to the metal for multilayers.
In addition, the influence of the solvent, expressed by DE, is
larger. It appears that the higher number of surrounding
molecules in the wetting layer leads to a stronger initial
screening of the excess charge. This is reasonable, since the
solvated electrons reside in the bulk of ice layers. Also the
dynamic response of the D2O molecules, described by the
exponential factor g, is larger for the multilayer compared to
both cluster types. Remarkably, the stabilization rate sS is the
same for all investigated water structures on Cu(111) surfaces.
This means that the reorganization of the water molecules
results in a similar stabilization energy of the solvated elec-
trons independently of the different structures adsorbed. As a
possible explanation we consider a competition of two effects.
As surface molecules are less coordinated than bulk molecules
one expects them to be more mobile resulting in a more
efficient response of the solvent. On the other hand, in the
solvation process of bulk-bound electrons, more water mole-
cules are involved, leading to a better energetic stabilization. It
is well possible that both effects cancel each other.
3.3 Discussion
The analysis of the time-dependent 2PPE data using the
presented empirical model calculation and the results of the
titration experiment with xenon enable us to make a decision
in favour of one of the proposed scenarios for surface solva-
tion in case of ice clusters depicted in Fig. 5. As shown in
section 3.1, the excess electrons are bound at the ice/vacuum
interface of the D2O clusters. As we found from the compar-
ison of compact and porous clusters, the higher number of
water molecules in between the localized electron and the
metal surface results in a more efficient screening, i.e. a higher
g value. In case of the proposed scenario (a) – the solvated
electron resides at the top of the cluster – the distance of the
electron to the metal-interface za (Fig. 5) would be larger
compared to a 3 BL thick multilayer, where the electron
resides in the bulk. Therefore one would expect the screening
to be less efficient for the multilayer than for the compact
clusters. Furthermore, due to the larger distance one would
expect a longer initial decay time t0 of the solvated electrons in
the ice clusters. Neither of these consequences is supported by
our findings. Hence we exclude scenario (a). In scenario (b) the
electrons bind on the edges of the flat lying ice clusters. In this
case the distance of the electrons to the metal substrate would
be comparable to that of the bulk-bound species in the ice
multilayer zb (see Fig. 5). This is reasonable if we take into
account the image potential in front of the metal surface. The
left panel of Fig. 5 depicts schematically the modified image
potentials (IP) for both proposed scenarios. The rearrange-
ment of the water molecules in the vicinity of the solvated
electron modifies the IP producing local minima. Solvation
sites closer to the metal surface are favoured as more energy is
gained with respect to the vacuum level. However, as the
average coordination number is smaller at the edges compared
to a bulk site, less efficient screening of the solvated electrons
Table 1 Parameters resulting from the empirical model for the 4 BL
wetting D2O multilayer (taken from ref. 39), for porous and compact
D2O clusters. The screening efficiency g is normalized to the value of
the ice multilayer
sS/eV ps
1 t0/fs DE/meV g (g
ML)
Porous 0.22 25 20 0.45
Compact 0.22 25 20 0.8
Multilayer 0.22 67 +30 1
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on the ice clusters is expected, which is consistent with the
experimental observation (Table 1). In addition, the Xe titra-
tion of the ice clusters revealed that a small fraction of the
solvated electron feature in the 2PPE spectrum is not affected
by the rare gas layer (e00S in Fig. 3b), attributed to bulk-bound
species, whereas no surface-bound electrons are observed in
wetting ice layers. This disappearance of the surface-bound
species upon coalescence can be explained by solvated elec-
trons residing at the edge of the clusters, electrons on top of
the clusters would not be affected. The transition of the
binding site can be viewed as a consequence of the coalescence
of the clusters with increasing coverage. In this sense, the more
efficient screening of the excess electrons in ice layers can be
explained as follows. Inside the layer, the excess charge is
surrounded by water molecules. Fewer molecules are involved
in the screening of the edge-bound electrons, which is sup-
ported by a stronger initial coupling to the metal and a lower
screening efficiency reported in Table 1. Hence, binding sites at
the edge of the porous and compact D2O clusters appear to be
the most probable scenario for electron solvation at ice
cluster–vacuum interfaces.
4. Conclusion
In this work we have investigated the electron’s solvation site in
amorphous D2O ice clusters and wetting multilayers by means
of 2PPE spectroscopy. By titration of the binding sites with
xenon overlayers we find solvated electrons which are embedded
in the bulk of a closed ice film. A strong shift of the electron’s
spectral feature upon xenon adsorption by B400 meV
for ice clusters reveals the solvation site of these electrons to
be located at the ice–vacuum interface. Since the back transfer
of the electrons to the metal surface is sensitive to the coupling
strength to substrate states and thus to the distance of the
binding site to the substrate, a more detailed determination of
the binding site is possible by performing an analysis of
relaxation dynamics in the time domain. By a comparison of
porous and compact amorphous ice clusters the environment
of the solvated electrons is analysed in the respective struc-
tures. Subsequently, we demonstrate that an electron solvation
at the edges of the clusters is the most probable scenario and
conclude that the transition between bulk- and surface-bound
solvated electrons is mediated by the coalescence of the
clusters forming a closed ice film.
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